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Summary The identiﬁcation of vulnerable and unstable carotid atherosclerotic lesions is up-
to-date an important topic of research, in order to adopt the adequate strategy for preventing
cerebrovascular events. Plaque inﬂammation, presence of adventitial vasa vasorum, intimal
angiogenesis and plaque neovascularization have been identiﬁed in histological studies as indi-
cators of the instability of the atheroma of carotid arteries in cerebrovascular patients and of
coronary arteries in cardiovascular patents. Consequently, the identiﬁcation ‘‘in vivo’’ of these
pathophysiological aspects has been objective for the development of new imaging techniques.ultrasound
Ultrasound of carotid arteries, with ultrasound contrast agents, is not only able to provide an
enhanced visualization of the arterial lumen and plaque morphology, but also allows to directly
visualize adventitial vasa-vasorum and carotid plaque neovascularization. This technique and
its clinical implications in the unstable plaque identiﬁcation are discussed in the present paper.
© 2012 Elsevier GmbH.
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he degree of internal carotid stenosis is nowadays no more
onsidered the only parameter to be evaluated when iden-
ifying the ‘‘plaque at risk’’ to be addressed to carotid
ndarterectomy [1—3]. Since the 1980s the characteriza-
ion of the morphology of the carotid plaque has become
tandard for stroke risk deﬁnition and, hence, the efforts
or the deﬁnition of the ‘‘unstable plaque’’ [1,4]. In these
egards, carotid ultrasound imaging has represented the
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Open access under CC BY-NC-ND license.ornerstone to describe the plaque characteristics that
eﬂect a higher risk of vulnerability [4—7]. Plaques of
oderate echogenicity and with hyperechoic spots are com-
osed of ‘‘hard’’ ﬁbrous tissue and calciﬁcations; these
laques are less harmful than heterogeneous plaques with
ypoechoic areas that correspond to ‘‘soft’’ atheromatous
aterial consisting of cholesterol, lipid deposits, cell debris
nd necrotic residuals. Intraplaque hemorrhage, another
ause of the sudden increase of plaque volume and rup-
ure, is also of low echogenicity. Summarizing, the lower
he degree of the echogenicity of a plaque, the higher the
isk of the cap thinning and the surface endothelium rupture
ith subsequent ulceration, distal embolization and stroke.
o reduce the biases of the subjective image interpreta-
ion, the computerized analysis of ultrasound images has
lso proved a reliable objective tool for identifying plaques
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with low Gray Scale Median scores, at a ‘‘major risk’’ of
developing future cerebrovascular events [8,9].
A turning point in the history of atherosclerosis patho-
physiological mechanisms comprehension has been the
concept that ‘‘inﬂammation’’ may be linked with the dis-
ease development and progression. From histology, indeed,
it was already known that while stable atheromatic lesions
are characterized by a chronic inﬂammatory inﬁltrate, in
vulnerable and ruptured plaques an active and acute inﬂam-
matory process regarding the surface and the plaque core
takes place [10]. Consequently, adventitial vasa vasorum,
intimal angiogenesis and plaque neovascularization have
been considered, and conﬁrmed by histological studies, as
important predictors of unstability in atheromasic lesions
of cerebro and cardiovascular patients [11—19]. Angiogen-
esis occurs indeed regularly within atherosclerotic plaques
and atheroma vulnerability and symptomatic carotid disease
have been associated with an increased number of microves-
sels [16] that may also be responsible of the intra-plaque
hemorrhage, when the rupture of these small newly gener-
ated and vulnerable vessels within the plaque occurs.
The possibility that inﬂammation could represent an
index of plaque vulnerability has brought the scientiﬁc
interest to concentrate on imaging ‘‘in vivo’’ the patho-
physiological ‘‘functional’’ status of the atheroma with
the goal to identify, as early as possible, the more vul-
nerable ones, to adopt the adequate preventive strategy.
For this reason, several conventional radiological imaging,
such as Computerized Tomography Angiography, Magnetic
Resonance Angiography and also 18-FDG Positron Emission
Tomography have focused on the evaluation of the ‘‘plaque
metabolic activity’’, but — up to date — this is an evolv-
ing methodology requiring further consensus [20]. Contrast
carotid ultrasound (CCU) is nowadays a well-established tool
for angiogenesis detection in several ﬁelds with the principal
advantage of being a simple, low cost and minimally inva-
sive technique. Since the ﬁrst data of 2006, several papers
have now described the possibility to identify adventitial
vasa vasorum and neovascularization also in carotid plaques
[22—40], with a speciﬁc pattern of vascularization in acute
symptomatic lesions [41].
Aim of this paper is to describe the methodology and the
efﬁcacy of contrast carotid ultrasound to identify plaque
vascularization and to discuss the related clinical implica-
tions.
Contrast ultrasound investigation methodology
and ﬁndings
Our experience is based on patients with carotid stenosis
electively referred to our ultrasound laboratory for con-
trast ultrasound investigation [23,27,28,41] and from still
ongoing data. The population consists of both asymptomatic
patients, referred for vascular screening, as well as by
symptomatic stroke patients. Plaques of different morpholo-
gies and various degree of stenosis have been investigated.
According to the speciﬁc indications and guidelines for
carotid endarterectomy, symptomatic and asymptomatic
patients with a severe degree of stenosis were operated and
histological/samples confronted with the ultrasonographic
ﬁndings.
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pparatus, plaque morphology and technique of
ltrasound contrast investigation
ltrasound carotid duplex scanning were performed with
cuson/Siemens Sequoia 512 and Siemens S2000 systems,
ith standard vascular presets, and equipped with contrast
ulti-pulse non-harmonic imaging software ‘‘Cadence con-
rast Pulse Sequencing’’ (CPS) technology. Linear phased
rray probes (6, 8 and 15MHz for the Sequoia, 9L4 for S2000)
ith standard presettings were used. The same machine
resets were maintained constant. The technique of inves-
igation is also reported in other published papers on this
opic from our group [23,27,28,41].
Plaque echographic morphology was categorized accord-
ng to criteria already well established in literature [4,7].
laque structure according to the echogenicity, and con-
idered as hyperechoic with acoustic shadow, hyperechoic,
soechoic, hypoechoic, and consequently as calciﬁc, ﬁbrous,
bro-calciﬁc, ﬁbro-fatty and hemorrhagic. Plaque surface
as deﬁned as regular, irregular and ulcerated, when an
xcavation ≥2mm was observed. Echogenicity was also
uantiﬁed with the Gray Scale Median (GSM) computerized
nalysis [8], in order to better deﬁne the plaque risk. The
egree of stenosis was evaluated according to European
arotid Surgery Trial (ECST) criteria [42], as percentage
f the difference between the original vessel lumen diam-
ter/area and the residual lumen diameter/area at the
aximum site of stenosis, and according to blood ﬂow
elocities [4,43].
After the standard basal investigation of the plaque,
ontrast ultrasound investigations were performed with
epeated short (0.5—1ml) bolus injections in an antecubital
ein (20 Gauge Venﬂon) of Sonovue (Bracco Altana Pharma,
onstanz, Germany), for a total contrast administration of
p to 2.5ml, each bolus being promptly followed by a saline
ush. The 15MHz linear array probe for the Sequoia (MI
.4—1.1) and the 9L4MHz for the S2000 (MI 0.10) were used
or the CPS continuous real-time imaging. The ‘‘Contrast
gent only’’ software feature, in which the image is derived
nly from the signals of the microbubbles, has been used.
ll the investigations were digitally stored and DICOM ﬁles
ransferred to an external PC equipped with Showcase (v
.1, Trillium Technology) for the off-line analysis.
ngiogenesis and neovascularization detection
fter the bolus injection, few seconds are required for the
ontrast to be carried through the venous system to the pul-
onary ﬁlter, heart and to the carotid arterial lumen. After
he contrast is detected in the carotid axis, few seconds
ater, mainly during the diastolic cardiac phase, probably
ecause of the reduced local pressure on the atherosclerotic
esion, the dynamic distribution of the contrast agent inside
he plaque allows the visualization of the plaque vasculariza-
ion. As previously already reported elsewhere [23,27,28],
ascularization was detected at the shoulder of the plaque
t the adventitial layers, and in the iso-hyperechoic ﬁbrous
nd ﬁbro-fatty tissue. It is represented by little echogenic
pots rapidly moving within the texture of the athero-
asic lesion, easily identiﬁable in the real time motion,
nd depicting the small microvessels (Fig. 1, Clip 1). In
46 E. Vicenzini et al.
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uigure 1 B-Mode high-resolution ultrasound (A) and contrast C
ore, moderate internal carotid stenosis. Note the microbubble
lcerated plaques small vessels are constantly observed
nder the ulceration (Fig. 2, Clip 2). The diffusion of
he contrast agent appears to be in an ‘‘outside-in’’
irection, namely from the external adventitial lay-
rs toward the inside of the plaque and vessel lumen
Fig. S1, online supplementary ﬁle]. Only in plaques in
hich the surface was ﬁssurated or ulcerated the con-
rast agent appeared to have an ‘‘inside-out’’ direction,
amely ‘‘ﬁlling’’ the void signal of the ulceration from
he vessel lumen and better depicting the plaque sur-
ace rupture [Fig. S2, online supplementary ﬁle]. In recent
therotrombotic occlusion, vascularization, expression of
he highly active remodeling process, was also observed
Fig. S3, online supplementary ﬁle]. Vascularization was
ot detected in the hyperechoic with acoustic shadow cal-
iﬁc tissue, nor in the hypoechoic necrotic and hemorrhagic
reas. Moreover, plaque vascularization is present in almost
very plaque, regardless the degree of stenosis.
In acute symptomatic patients a completely different
attern of vascularization was detected with ultrasound
nd validated by post-operative histology in a ﬁrst paper
ublished from our group [41]. In the ﬁrst seconds after
ontrast agent administration, no vascularization seemed to
l
s
I
igure 2 Power duplex (A) and contrast CPS imaging (B) of an ul
lceration (green arrows in B).aging (B) of an isohypoechoic plaque with a central hypoechoic
the ﬁbrous tissue in image B (green arrows).
e identiﬁed in the hypoechoic areas. Few seconds later,
ascularization presented as a major diffuse area of con-
rast enhancement at the base of the plaques, due to an
gglomerate of many small microvessels, difﬁcult to differ-
ntiate from each other, while the residual hypoechoic part
f the plaque, corresponding to the necrotic or hemorrhagic
ontents, remained avascularized. In operated patients,
arotid endoarterectomies were carefully performed in
rder to obtain the whole plaque with minimal trauma. The
athologist evaluated the removed plaques after formalin
xation: the pathologist and the sonographers discussed the
egions of interest previously observed at ultrasound imag-
ng. The intra-operative macroscopic ﬁndings conﬁrmed the
resence of the unstable plaques observed at contrast ultra-
ound. The microscopic ﬁndings conﬁrmed the presence of
laque vascularization in the ultrasound contrast-enhanced
reas. Symptomatic carotid plaques showed a relevant
ncreased number of small (diameter 20—30m), immature
icrovessels in respect to asymptomatic ones, consisting
ith a strong neoangiogenetic activity. Angiogenesis wasess represented in asymptomatic plaques that underwent
urgery, with microvessels of a higher caliber (80—100m).
mmunostaining with VEGF, MMP3, CD 31 and CD 34 depicted
cerated plaque. Contrast microbubbles diffuse at the base of
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a different distribution pattern between asymptomatic and
symptomatic lesions: while in the former antigenic activ-
ity was of a lesser degree and localized mainly along the
microvessels course, in symptomatic plaques a high anti-
genic ﬁxation was observed also in the external part of the
plaque, closer to the adventitial layers. In the same areas,
an inﬂammatory inﬁltrate constituted by macrophagic foam
cells and T lymphocytes, indicative of high plaque activity
was detected, with small areas of hemorrhage expression of
microvessels rupture.
From the evaluation of subsequent acute stroke patients,
it has also been observed that the entity of the internal
carotid stenosis may not be directly correlated with clinical
symptoms: patients with smaller plaques, even without
hemodyamic effect, may present plaque ‘‘harmful’’ char-
acteristics and local areas of vascularization expression
of intense ‘‘plaque activity’’, responsible of the distal
embolization. In Fig. 3 two examples are shown: in the
former case, ﬁgure top, a relative small plaque with a distal
ulceration is characterized by predominant vascularization
in the distal part nearby the ulceration and in the second
case, ﬁgure bottom, of a more complex lesion vascular-
ization is highly expressed at the base of the plaque.
All these features may then be considered expression of
intense plaque remodeling — plaque ‘‘activity’’ that may
be consequent to local acute inﬂammation and plaque
vulnerability.
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Figure 3 Top: power duplex (A) and contrast CPS imaging (B) of a
agents diffuse in the distal part of the plaque nearby ulceration (gree
(dotted green lines in A). Bottom: color duplex (C) and contrast CPS
Contrast agents are diffusely visualized at the base of the plaque (g— Clinical signiﬁcance 47
iscussion
athophysiological mechanisms responsible of plaque pro-
ression and developing of clinical symptoms are not yet
ompletely understood. The role of inﬂammation has been
ypothesized as a fundamental factor involved in the pro-
ression of the atherosclerotic plaque and the association
etween inﬂammation, atherosclerosis progression and car-
iovascular events have been well established for coronary
nd carotid artery diseases.
The presence of newly generated blood vessels within
therosclerotic lesions has been well recognized since many
ecades [44], but the ‘‘in vivo’’ evaluation of angiogenesis
as received attention, for its possible role in understanding
he vulnerability of the atheroma only recently. Histolog-
cal studies have indeed shown that microvessels are not
sually present in the normal human intimal layers and
hat intima becomes vascularized only with the developing
f the atherosclerotic process and when its layer growths
n thickness [45]. In nearly half of the patients with a
on hemodynamic carotid stenosis addressed to medical
herapy, if — and when — cerebral ischemic symptoms —
e it a TIA or other — will occur, these will be without
ny warning [46]. Therefore, even in those patients who
ave a non-severe carotid stenosis, some unknown or unde-
ected mechanisms at the level of the arterial wall produces
he rupture of the plaque, with consequent embolism and
small ulcerated plaque in an acute stroke patients. Contrast
n arrows in B), corresponding to an area of lower echogenicity
imaging (D) of an ulcerated plaque in an acute stroke patients.
reen arrows in D).
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troke. Nonetheless, the causes for the modiﬁcations of a
‘hard and stable’’ into a ‘‘softer and unstable’’ plaque are
till not yet completely understood. In these regards, the
ole of angiogenesis and of intimal vasa vasorum may be of
articular relevance. Angiogenesis has indeed also been doc-
mented in carotid atherosclerosis and in stable atheroscle-
otic lesions studied after carotid endarterectomy. It is
elieved that the absence of pericytes in some new angio-
enic vessels causes these immature vessels to ‘‘leak’’
otentially noxious and inﬂammatory plasma components
hemoglobin, oxidized low-density lipoprotein cholesterol,
ipoprotein, glucose, advanced glycation end products, and
nﬂammatory cells) into the extracellular matrix of the
edia/intima, thus increasing the plaque volume. The ongo-
ng deposit of plasma components appears to further reduce
essel wall oxygen diffusion, enhancing further angiogen-
sis, plaque inﬂammation. In the ﬁnal phase, the plaque
s enveloped in adventitial vasa vasorum and intraplaque
eovascularization, a hallmark of symptomatic atheroscle-
osis [47]. The histological observation of a higher number
f microvessels within operated symptomatic carotid artery
laques further supports this hypothesis [10,15,16]. All
hese data follow the observation in the cardiology ﬁeld,
here, angiogenesis and microvessels detected in the coro-
ary atheromas in histological studies have proven to be
trongly associated with unstable angina and myocardial
nfarction. Thus, the observation that, in a late phase of
evelopment, the plaque becomes richly vascularized, lead-
ng to the atheroma vulnerability increase with possibility of
oronary artery occlusion and/or distal embolization, with
onsequent myocardial ischemic damage [9,10,13,15].Standard ultrasound carotid duplex is one of the most
iffuse and available techniques in clinical routine to assess
laque morphology and to identify the ‘‘plaque at risk’’. The
ecent application of ultrasound contrast agents to carotid
i
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d
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igure 4 Power duplex (A) of a moderate internal carotid stenosi
ave Doppler (small box, bottom left) shows no hemodynamic effe
ine) echogenicity characteristics of low stroke risk (GSM= 60). Contr
hole plaque texture.E. Vicenzini et al.
laque imaging lead to the possibility of directly visualizing
dventitial vasa vasorum and plaque neovascularization ‘‘in
ivo’’ [21—41], with the advantage of ultrasound being a
imple, low cost and minimally invasive technique.
From our experience [23,27,28,41], we observed that
icrobubbles are visualized easily in the ﬁbrous tissue of
arotid plaques and that they correspond to the newly gen-
rated vessels, so conﬁrming that plaques have angiogenesis
hat could be related to the progression and remodeling. The
rocesses that lead to intramural hemorrhage and plaque
lcerations are other important issues that have been
xtensively studied. Some theories claim the hypothesis
hat atherosclerosis progression is due to an ‘‘outside-in’’
rocess and, effectively, intimal vessels originating from the
dventitial layers have been observed much more frequently
han those originating from the luminal side, resembling
he microvessels than grow within tumors. This datum was
lso conﬁrmed in our patients, in which the microbubbles
iffusion seems to be oriented from the external adventitial
ayers toward the internal intimal lumen and, constantly,
hrough a little vessel present under the plaque ulcerations.
his latter observation further supports the theory that
ntraplaque hemorrhage and ulcerations can be related
o the rupture of newly formed intraplaque microvessels,
hat, being immature and with a thin wall, are submitted to
ocal triggering factors such as mechanical forces and shear
tress. The histological observation that intraplaque hemor-
hages are common in every atherosclerotic lesion, usually
eep and not connected with the vessel lumen, is another
ndicator that the bleeding originates locally [48,49].
At present, the identiﬁcation of the plaque vascular-
zation with contrast ultrasound may be considered a new
pproach to deﬁne ‘‘in vivo’’ plaque vulnerability. Future
evelopment may be represented by the sonographic
ollow-up of the plaque vascularization, to evaluate the
s in an asymptomatic patient. B-Mode imaging (B) with pulsed
ct and GSM calculation (small box, bottom right, green dotted
ast CPS imaging (C) shows a high, diffuse vascularization in the
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potential beneﬁt or speciﬁc effect of medical therapy on
plaque remodeling, as regression of plaque vascularization
may occur [22]. It is also our experience that vascularization
is detectable not only in unstable plaques with a high grade
stenosis that are addressed to carotid endoarterectomy,
but even in light to moderate stenosis and in asymptomatic
patients [23,27,28]. The observation of apparently ‘‘stable’’
plaques in asymptomatic patients, determining internal
carotid stenosis without indications for surgery, but with evi-
dence of intense vascularization with contrast ultrasound,
may open the discussion for further reconsidering mild, non
hemodynamic carotid stenosis, in order to better evaluate
stroke risk in these cases (Fig. 4). In this view, further
large-scale studies are mandatory for a complete under-
standing of the natural history of these vascularized lesions,
to eventually adopt the adequate preventive strategy.
One limit of this approach of this technique regards
the modality for the evaluation of the vascularization: at
present, a method of a real numerical objective quan-
tiﬁcation of the global ‘‘plaque perfusion’’ is indeed not
available for carotid plaques. Differently from the evalu-
ation of the heart, in which myocardial tissue perfusion is
the expression of a normal condition, and differently from
small coronary plaques, in which there is a different ratio
due to the size of the vessel, in carotid atherosclerosis this
pattern may interest only limited regions of the plaque and
therefore quantitative analysis of the mean signal enhance-
ment derived from the whole plaque may not be expressive
of the real perfusion. The ﬁnding of a ‘‘harmful’’ pattern
of plaque vascularization may indeed be limited to a small
area of the plaque, but its identiﬁcation is, in our experi-
ence, highly representative of the ‘‘plaque activity’’. This
was conﬁrmed in our histologial and immunohistochemical
specimen ﬁnding of a high angiogenesis with high density
of microvessels and with a strong ﬁxation in these areas of
endothelial growth factors and inﬂammatory markers [41].
Moreover, the semi-quantitative evaluation of ultrasound
images with time intensity curves, being arbitrary selected
areas, may not be considered as really representative of
plaque vascularization, also because it is evaluated in
bidimensional images. The identiﬁcation of these patterns
then requires a very careful visual and morphological
observation, by sonographers trained in this ﬁeld.
Conclusions
Contrast carotid ultrasound is an emerging technique,
easily available and quick to perform, that adds impor-
tant clinical and research information of the ‘‘in vivo’’
pathophysiological status, with low costs and invasive-
ness. In symptomatic stroke patients with carotid plaques
addressed toward surgery, contrast carotid examinations
could help to better analyze plaque morphology and
to identify and quantify the presence and degree of
neovascularization, allowing a further assessment of the
cerebrovascular risk. Larger studies are though needed
to clarify the prognostic value of plaque vasculariza-
tion detection in asymptomatic patients with non-severe
carotid stenosis that are not candidated for surgery.
Moreover, the identiﬁcation and evaluation of plaque angio-
genesis may be in the future useful to evaluate the
[— Clinical signiﬁcance 49
ossible effects of therapies aimed to plaque remodel-
ng.
ppendix A. Supplementary data
upplementary data associated with this article can be
ound, in the online version, at http://dx.doi.org/10.1016/
.permed.2012.03.017.
eferences
[1] Hennerici MG. The unstable plaque. Cerebrovasc Dis
2004;17(Suppl 3):17—22.
[2] Rothwell PM, Eliasziw M, Gutnikov SA, Fox AJ, Taylor DW,
Mayberg MR, Warlow CP, Barnett HJ. Carotid Endarterec-
tomy Trialists’ Collaboration. Analysis of pooled data from the
randomised controlled trials of endarterectomy for symp-
tomatic carotid stenosis. Lancet 2003;361:107—16.
[3] Lenzi GL, Vicenzini E. The ruler is dead. An analysis of carotid
plaque motion. Cerebrovasc Dis 2007;23:121—5.
[4] Bartels E, editor. Color-Coded Duplex Ultrasound of the cere-
bral vessels. Atlas and manual. Stuttgart, Germany/New York:
Schattauer F.K. Verlagsgesellschaft mbH. 1999.
[5] Ratliff DA, Gallagher PJ, Hames TK, Humphries KN, Webster
JH, Chant AD. Characterisation of carotid artery disease: com-
parison of duplex scanning with histology. Ultrasound Med Biol
1985;11:835—40.
[6] Gray-Weale AC, Graham JC, Burnett JR, Byrne K, Lusby
RJ. Carotid artery atheroma: comparison of preoperative
B-mode ultrasound appearance with carotid endarterec-
tomy specimen pathology. J Cardiovasc Surg 1988;29:
676—81.
[7] Widder B, Paulat K, Hackspacher J, Hamann H, Hutschenreiter
S, Kreutzer C, Ott F, Vollmar J. Morphological characteriza-
tion of carotid artery stenoses by ultrasound duplex scanning.
Ultrasound Med Biol 1990;16:349—54.
[8] Biasi GM, Sampaolo A, Mingazzini P, De Amicis P, El-Barghouty N,
Nicolaides AN. Computer analysis of ultrasonic plaque echolu-
cency in identifying high risk carotid bifurcation lesions. Eur J
Vasc Endovasc Surg 1999;17:476—9.
[9] El-Barghouty N, Gerulakos G, Nicolaides AN, Androulakos A,
Bahn V. Computer assisted carotid plaque characterization. Eur
J Vasc Endovasc Surg 1995;9:389—93.
10] Spagnoli LG, Mauriello A, Sangiorgi G. Extracranial thromboti-
cally active carotid plaque as a risk factor of ischemic stroke.
JAMA 2004;292:1845—52.
11] Beeuwkes R, Barger C, Silverman K, Lainery LL. Cinemicro-
graphic studies of the vasa vasorum of the human coronary
arteries. In: Glagov S, Newman WP, Schaffer S, editors. Patho-
biology of the human atherosclerotic plaque. New York, NY:
Springer-Verlag; 1990. p. 425—32.
12] Clagett GP, Robinowitz M, Youkey JR, Fisher Jr DF, Fry RE,
Myers SI, Lee EL, Collins Jr GJ, Virmani R. Morphogenesis and
clinicopathologic characteristics of recurrent carotid disease.
J Vasc Surg 1986:10—23.
13] Fryer JA, Myers PC, Appleberg M. Carotid intraplaque hem-
orrhage: the signiﬁcance of neovascularity. J Vasc Surg
1987;6:341—9.
14] Kumamoto M, Nakashima Y, Sueishi K. Intimal neovascular-
ization in human coronary atherosclerosis: its origin and
pathophysiological signiﬁcance. Hum Pathol 1995;26:450—6.15] Moﬁdi R, Crotty TB, McCarthy P, Sheehan SJ, Mehigan D, Keav-
eny TV. Association between plaque instability, angiogenesis
and symptomatic carotid occlusive disease. Br J Surg
2001;88:945—50.
5[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[0
16] Fleiner M, Kummer M, Mirlacher M, Sauter G, Cathomas
G, Krapf R, Biedermann BC. Arterial neovascularization
and inﬂammation in vulnerable patients: early and late
signs of symptomatic atherosclerosis. Circulation 2004;110:
2843—50.
17] Moreno PR, Fuster V. New aspects in the pathogenesis
of diabetic atherothrombosis. J Am Coll Cardiol 2004;44:
2293—300.
18] Barger AC, Beeuwkes R, Lainey LL, Silverman KJ. Hypothesis:
vasa vasorum and neovascularization of human coronary arter-
ies. A possible role in the pathophysiology of atherosclerosis.
NEJM 1984;310:175—7.
19] Dunmore BJ, McCarthy MJ, Naylor AR, Brindle NP. Carotid
plaque instability and ischemic symptoms are linked to
immaturity of microvessels within plaques. J Vasc Surg
2007;45:155—9.
20] Warburton L, Gillard J. Functional imaging of carotid athero-
matous plaques. J Neuroimaging 2006;16:293—301.
21] Feinstein SB. The powerful microbubble: from bench to
bedside, from intravascular indicator to therapeutic deliv-
ery system, and beyond. Am J Physiol Heart Circ Physiol
2004;287:450—7.
22] Feinstein SB. Contrast ultrasound imaging of the carotid artery
vasa vasorum and atherosclerotic plaque neovascularization. J
Am Coll Cardiol 2006;48:236—43.
23] Vicenzini E, Giannoni MF, Puccinelli F, Ricciardi MC, Altieri M, Di
Piero V, Gossetti B, Benedetti-Valentini F, Lenzi GL. Detection
of carotid adventitial vasa vasorum and plaque vascularization
with ultrasound cadence contrast pulse sequencing technique
and echo-contrast agent. Stroke 2007;38:2841—3.
24] Shah F, Balan P, Weinberg M, Reddy V, Neems R, Feinstein
M, Dainauskas J, Meyer P, Goldin M, Feinstein SB. Contrast-
enhanced ultrasound imaging of atherosclerotic carotid plaque
neovascularization: a new surrogate marker of atherosclerosis?
Vasc Med 2007;12:291—7.
25] Purushothaman KR, Sanz J, Zias E, Fuster V, Moreno PR.
Atherosclerosis neovascularization and imaging. Curr Mol Med
2006;6:549—56.
26] Huang PT, Huang FG, Zou CP, Sun HY, Tian XQ, Yang Y, Tang JF,
Yang PL, Wang XT. Contrast-enhanced sonographic character-
istics of neovascularization in carotid atherosclerotic plaques.
J Clin Ultrasound 2008;36:346—51.
27] Giannoni MF, Vicenzini E. Focus on the ‘‘unstable’’ carotid
plaque: detection of intraplaque angiogenesis with contrast
ultrasound. Present state and future perspectives. Curr Vasc
Pharmacol 2009;7:180—4.
28] Vicenzini E, Giannoni MF, Benedetti-Valentini F, Lenzi GL.
Imaging of carotid plaque angiogenesis. Cerebrovasc Dis
2009;27(Suppl 2):48—54.
29] Magnoni M, Coli S, Cianﬂone D. A surprise behind the dark. Eur
J Echocardiogr 2009;10:887—8.
30] Staub D, Patel MB, Tibrewala A, Ludden D, Johnson M, Espinosa
P, Coll B, Jaeger KA, Feinstein SB. Vasa vasorum and plaque
neovascularization on contrast-enhanced carotid ultrasound
imaging correlates with cardiovascular disease and past car-
diovascular events. Stroke 2010;41:41—7.
31] Shalhoub J, Owen DR, Gauthier T, Monaco C, Leen EL,
Davies AH. The use of contrast enhanced ultrasound in
carotid arterial disease. Eur J Vasc Endovasc Surg 2010;39:
381—7.
32] Staub D, Schinkel AF, Coll B, Coli S, van der Steen AF, Reed
JD, Krueger C, Thomenius KE, Adam D, Sijbrands EJ, ten Cate
FJ, Feinstein SB. Contrast-enhanced ultrasound imaging of the
vasa vasorum: from early atherosclerosis to the identiﬁca-
tion of unstable plaques. JACC Cardiovasc Imaging 2010;3:
761—71. [E. Vicenzini et al.
33] Coll B, Nambi V, Feinstein SB. New advances in noninvasive
imaging of the carotid artery: CIMT, contrast-enhanced ultra-
sound, and vasa vasorum. Curr Cardiol Rep 2010;12:497—502.
34] Staub D, Partovi S, Schinkel AF, Coll B, Uthoff H, Aschwan-
den M, Jaeger KA, Feinstein SB. Correlation of carotid artery
atherosclerotic lesion echogenicity and severity at standard
US with intraplaque neovascularization detected at contrast-
enhanced US. Radiology 2011;258:618—26.
35] Faggioli GL, Pini R, Mauro R, Pasquinelli G, Fittipaldi
S, Freyrie A, Serra C, Stella A. Identiﬁcation of carotid
‘vulnerable plaque’ by contrast-enhanced ultrasonography:
correlation with plaque histology, symptoms and cerebral
computed tomography. Eur J Vasc Endovasc Surg 2011;41:
238—48.
36] Eyding J, Geier B, Staub D. Current strategies and possi-
ble perspectives of ultrasonic risk stratiﬁcation of ischemic
stroke in internal carotid artery disease. Ultraschall Med
2011;32:267—73.
37] Hoogi A, Adam D, Hoffman A, Kerner H, Reisner S, Gaitini
D. Carotid plaque vulnerability: quantiﬁcation of neovascular-
ization on contrast-enhanced ultrasound with histopathologic
correlation. AJR Am J Roentgenol 2011;196:431—6.
38] Clevert DA, Sommer WH, Zengel P, Helck A, Reiser M. Imaging
of carotid arterial diseases with contrast-enhanced ultrasound
(CEUS). Eur J Radiol 2011;80:68—76.
39] Clevert DA, Sommer WH, Helck A, Reiser M. Duplex and con-
trast enhanced ultrasound (CEUS) in evaluation of in-stent
restenosis after carotid stenting. Clin Hemorheol Microcirc
2011;48:199—208.
40] Shalhoub J, Monaco C, Owen DR, Gauthier T, Thapar A, Leen EL,
Davies AH. Late-phase contrast-enhanced ultrasound reﬂects
biological features of instability in human carotid atheroscle-
rosis. Stroke 2011;42:3634—6.
41] Giannoni MF, Vicenzini E, Citone M, Ricciardi MC, Irace L, Lau-
rito A, Scucchi LF, Di Piero V, Gossetti B, Mauriello A, Spagnoli
LG, Lenzi GL, Valentini FB. Contrast carotid ultrasound for the
detection of unstable plaques with neoangiogenesis: a pilot
study. Eur J Vasc Endovasc Surg 2009;37:722—7.
42] European Carotid Surgery Trialists’ Collaborative Group. Ran-
domised trial of endarterectomy for recently symptomatic
carotid stenosis: ﬁnal results of the MRC European Carotid
Surgery Trial (ECST). Lancet 1998;351:1379—87.
43] Sabeti S, Schillinger M, Mlekusch W, Willfort A, Haumer M,
Nachtmann T, Mullner M, Lang W, Ahmadi R, Minar E. Quan-
tiﬁcation of internal carotid artery stenosis with duplex US:
comparative analysis of different ﬂow velocity criteria. Radi-
ology 2004;232:431—9.
44] Paterson JC. Capillary rupture of with intimal haemorrhage
as the causative factor in coronary thrombosis. Arch Pathol
1938;25:474—87.
45] Geiringer E. Intimal vascularisation and atherosclerosis. Histo-
logic characteristics of carotid atherosclerotid plaque. J Pathol
Bacteriol 1951;63:201—11.
46] Executive Committee for the Asymptomatic Carotid
Atherosclerosis Study. Endarterectomy for asymptomatic
carotid artery stenosis. JAMA 1995;273:1421—8.
47] Carlier S, Kakadiaris IA, Dib N, Vavuranakis M, O’Malley SM, Gul
K, Hartley CJ, Metcalfe R, Mehran R, Stefanadis C, Falk E, Stone
G, Leon M, Naghavi M. Vasa vasorum imaging: a new window
to the clinical detection of vulnerable atherosclerotic plaques.
Curr Atheroscler Rep 2005;7:164—9.
48] Milei J, Parodi JC, Alonso GF, Barone A, Grana D, Matturri
L. Carotid rupture and intraplaque hemorrhage: immunophe-
notype and role of cells involved. Am Heart J 1998;136:
1096—105.
49] Bornstein NM, Krajewski A, Lewis AJ, Norris JW. Clini-
cal signiﬁcance of carotid plaque hemorrhage. Arch Neurol
1990;47:958—9.
